Passive, inverted-dish shaped communications mirrors made of a thin wire mesh may be maintained in a stationary position above most of the atmosphere by the pressure of reflected radiation beamed at the mirror from the ground. We show that by beaming at the mirror an appropriate mixture of linearly and circularly polarized radiation, and by inducing small periodic variations of the plane of polarization, one can monitor and sufficiently control wire orientation in the mirror, which allows one to reduce mirror weight and/or set the mirror in rotation. Mirror rotation in turn can modify mirror shape, open up flaps, and allow synchronized messages to be sent to prechosen locations.
We are concemed with passive reflector mirrors of electromagnetic radiation, located above most of the atmosphere. We assume that the reflector has generally the shape of a dish facing down, and that it remains stationary above a chosen point on the surface of the Earth. In this sense one may say that the reflector is in stationary orbit around the Earth. However its altitude can be varied. In particular the reflector may be located fairly close to the Earth, closer than what is often referred to as the "radius of a stationary orbit around the Earth"; in fact, it may be located below part of the ionosphere. The mirror is prevented from falling by the pressure of the electromagnetic radiation which it reflects. The dish is constructed as a mesh of fine wires to make the reflector weigh as little as possible.
It was pointed out recently [1] that such passive reflectors located at stationary points above the atmosphere may be utilized as tools of intermediate range communications, and that in certain applications they may replace communications satellites. The main advantages of passive reflectors are that cost is lower, bandwidth is broader, equipment can be relatively unsophisticated, and local relay stations are not needed. The latter fact, in turn, not only allows more flexibility in reception but is also advantageous from the environmentalist point of view because it eliminates the undesirably high fields around relay stations.
The shape of such a mirror is determined by the two dominant forces which act on it: radiation pressure and gravitation. As a result of the interplay of these two [1] , the mirror is blown up to the desired facedown dish shape, just as a parachute assumes such a shape as a result of the interplay between air pressure and gravitation. Furthermore, it can be shown that the reflector is stable against tilting, if a weight is suspended from its rim in the manner in which a parachutist is attached to his parachute. It is also stable against small horizontal displacements away from the center of the radiation beam which impinges on it.
We do not discuss here the general features of such a system any further, since they have already been outlined in [1] , and a more detailed treatment is given elsewhere [2] . We concentrate attention on one particular self-contained subject area, namely, the monitoring and control from the ground of mirror orientation and rotation. We show that all of these can be achieved with adequate accuracy by irradiating the mirror with an appropriate mixture of longitudinally and circularly polarized radiation and by inducing small periodic variations in the plane of polarization.
MOTIVATION
There are several reasons why one may wish to monitor and control from the ground the orientation and rota-tion of a passive reflector dish supported above the atmosphere by radiation pressure.
First, if one orients the reflector correctly. and the supporting radiation emitted from the ground is linearly polarized, then less radiation is needed to prevent the reflector from falling. Indeed, if the wires which form the reflecting mesh are oriented perpendicularly to the plane of radiation polarization, then the wire mesh will be almost transparent to the radiation. On the other hand, if the wires are parallel to the polarization plane, then the reflexivity will be maximal. Therefore, to obtain highest reflexivity for a given number of wires, it would be advantageous to use plane polarized radiation and to construct the mesh of a large number of mutually parallel longitudinal wires oriented parallel to the radiation polarization plane, plus a smaller number of cross wires of negligible weight to hold the mesh together (Fig. 1) were impossible to adjust the orientation of the wires from the ground, then the face-down dish of such a reflector could rotate around its vertical axis of symmetry in an uncontrollable manner (as shown by the arrows in Fig. 1) . Actually, the mirror would tend to orient the bulk of its wires perpendicularly to the polarization plane of the incident radiation, thus becoming essentially transparent. In such a case the mesh would have to be constructed from an equal number of longitudinal and cross wires to ensure equally good reflexivity for all orientations. The weight of the cross wires would then no longer be negligible; in fact, they would equal the weight of the longitudinal wires, thus effectively doubling the weight of the mirror. That, in turn, would require twice as much reflected radiation to support the mirror above the atmosphere.
The second reason for controlling reflector orientation is that by continuously changing the orientation of the wires it is possible to keep the dish rotating (as shown by the arrows in Fig. I ) around its vertical axis of symmetry. Viewed from a coordinate frame rotating with the dish, centrifugal forces will then act on all noncentral points in the wire mesh, pushing them outward. This will change the curvature of the mirror. In this manner one moment of the mirror shape can be adjusted from the ground by adjusting the angular velocity of rotation.
Third, it is possible to suspend flaps from the reflector dish. When the dish is set in rotation, the flaps will open up, changing the shape of the reflector. Furthermore, if the distance between neighboring wires in a flap differs from that in the dish, then that flap will have different reflexivity. It can be so adjusted, for example, as to be transparent to radiation which supports the dish, but to reflect radiation carrying signals of some chosen longer wavelength.
Fourth, if the rotating dish is not cylindrically symmetric around its axis of rotation, or if flaps are attached to the dish, then the footprint on the ground of the radiation reflected from a rotating mirror will move around an orbit. The mirror will reflect radiation to different points on that orbit, at least once during each revolution. For example, if the emitter is located directly below the reflector, then the signals will be reflected by the flaps to points or areas which are located on the ground along the circumference of circles around the emitter. The radius of the circles will generally decrease if the angular velocity of the rotating dish increases, because in that case the orientation of the flaps will be closer to horizontal. An electron located at point g situated inside a straight wire illuminated by an electromagnetic wave will experience a longitudinal force along the wire due to E. It will also experience a frictional force due to collisions with other particles in the wire. We assume that the frictional force will be proportional to deldt, the velocity of the electron, and to a damping constant g. In this model then, the equation of motion of the electron will be m (d2t / dt2) = eE4l(g) -mg (dt / dt), which has the well-known solution
The phase angle 4) is defined by (3). Actually, the electron will also experience a force perpendicular to the wire, caused by E, but we assume the wire to be sufficiently thin so that any transverse motion of the electron can be neglected. There are also magnetic forces acting on the electron; however, we assume that the electrons are sufficiently nonrelativistic for these forces to be negligible.
When there is not just one electron, but n electrons per unit volume of the wire, then it follows from (3) that the conductivity of the wire is a = (e2 / m) [-in / (g2 + ' 2)1 e"1. At time t the instantaneous torque around the z axis exerted on an electron in the wire can be calculated particularly simply whenever E is independent of t. In cases of interest to us this condition is satisfied to a good approximation (because the expected electron displacement in the wire is much less than the wavelength of the impinging electromagnetic radiation), so that we can write for the torque
Note that T, is proportional to the product of |A'l and IB'I. Therefore torques on all parallel wires will add (rather than subtract), even if the phase of the electric field changes from wire to wire. The physical reason is that although both the longitudinal and transverse electric fields Ell and E1 may switch sign from one wire to another, the torque is proportional to the product of the two.
When there are n electrons per unit volume of the wire, all of which experience the same torque, then the torque experienced by a unit volume of the wire will be n times the right-hand side of (5). Substituting A', B', and (x' and averaging time over one period of oscillation of the electromagnetic field, we obtain the time averaged torque around the z axis exerted by the electromagnetic field on a section of wire which has length I and crossection s:
(Tzj = 1sw-11(j(1 / 2) {[|AI IBI(cosa() cos2 X -(1 / 2) (IA 12 IB12) sin2 X] * COsO + JA |IBI(sino) sin+}d. (6) Note that the time average of the torque is in general not zero. Although the time average of both the transverse electric field E1 and the electron displacement t vanishes, the torque is proportional to the product of the two, and in general its time average does not vanish.
When the electromagnetic wave is circularly polar- 
FORCES ACTING ON THE REFLECTOR DISH
One of the most important forces acting on the mirror is the gravitational force exerted by the Earth. It accelerates every mass element of the dish vertically downward. This force is counteracted by the pressure of electromagnetic radiation impinging on the dish, the radiation being CSONKA: GROUND-CONTROLLED REFLECTOR ROTATION & SHAPE 217 emitted from the ground by a suitable antenna. It can be shown that the interplay of gravitation and radiation pressure will not only maintain an appropriately constructed reflector in stable equilibrium with respect to lateral displacements and tilting, but will also maintain its facedown dish shape. The details of this mechanism need not concern us here. The important feature to be remembered for our purposes is that the individual wires from which the dish is constructed need not be rigid, in fact they may be thin, flexible filaments. The situation is analogous to the manner in which the shape of a falling parachute is maintained-the individual threads from which the parachute is woven may be quite thin and need not be rigid. The face-down dish shape results from an interplay of gravitation and air resistance.
There are, of course, many other forces acting on the dish. The most important of these are air resistance, solar radiation pressure, and radial inertial forces in a rotating dish. As we discuss below, it is easy to see that all these forces can be neglected to a good approximation for a wide range of parameters (1, 2). Therefore it is not necessary to burden our discussion by including such forces.
Indeed, air resistance depends on air density and velocity as well as on the cross section of individual wires presented to the wind. It is clear that for sufficiently high altitudes where air density is low enough, air resistance will be negligible. In fact it turns out that for realistic mirror parameters (e.g., aluminum ribbons 5 x 10-22M thick x 20 Km wide) at altitudes exceeding about 200 km, air resistance can be neglected for most purposes whenever the wind velocity is less than about 103 cm/s. Solar radiation pressure is proportional to the socalled solar constant, i.e., the solar radiation intensity impinging per unit surface, 0. 139 W/cm2. It also depends on the total surface presented to the solar radiation by all the wires in the dish. If the distance between neighboring wires is large compared with the wavelength of visible light, then most of the solar radiation will pass unhindered through the spaces between neighboring wires. Furthermore, if the width d of individual wires is much narrower than the interwire spacing a, then only a small fraction of the solar radiation impinging on the mirror dish will exert any force on the mirror. It tums out that for realistic dishes d/a c 10-2; therefore solar radiation pressure is no more than a fraction of a percent of the pressure exerted on the mirror by the radiation emitted from the ground.
If the mirror is rotating, radial inertial forces (colloquially referred to as centrifugal forces) appear. These are negligible, whenever the angular velocity of mirror rotation is sufficiently low. For a dish constructed of radial wires with uniform density and cross section, the tension generated by these inertial forces will be largest near the center of rotation. For example, when the dish is constructed from aluminum and the dish diameter is 2 x 102 cm (as in Table I ), the tension even near the rotation axis will not exceed 10 percent of the ultimate tensile strength of the wires (= 109 dyn/cm2) provided that the circular frequency of rotation is less then about 2 x 102 s-1.
In the following we assume that the parameters are chosen so that air resistance, solar radiation pressure, and radial inertial forces are negligible.
ANGULAR ACCELERATION
A torque acting around the z axis, exerted on the wires of a reflector, will cause the mirror to slow down or accelerate its rotation around the z axis. In addition, various torques acting on various wire segments may induce tensions, distortions, and may set up elastic waves propagating along the wires, but here we are concerned only with the rotation of the mirror as a whole around the z axis which goes through the center of the dish perpendicular to the surface.
The resultant torque acting on the mirror will be the sum of all torques acting on all the wires. The time-averaged torque around the z axis exerted on any segment of a wire is given in (6). In that equation it was assumed that there are n conduction electrons per unit volume in the wire, and all satisfy (3). If the wire diameter 2r is negligible compared with the skin depth of the radiation in the wire under consideration, then n is simply no, the number of conduction electrons per unit volume. On the other hand, if 2r is comparable to or larger than the skin depth, the effective n is only a fraction of no, because the conduction electrons located deeper in the wire experience only a reduced electric field strength. In cases of most interest to us, the effective wire radius may be comparable to the skin depth, so that n = F1 nO where F1 is less than one, typically F, 1/2.
The moment of inertia around the z axis of the reflector will be the sum of the moments of inertia of each wire. If the total number of wires in the mesh is N, then the total moment of inertia M, will be M = F2N Mw where Mw is the moment of inertia of a typical wire, and F2 is a correction factor which may differ from unity to take into account the fact that various wires may have IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. AES-19, NO. 2 MARCH 1983 different moments of inertia. In cases of interest to us the dish cross section in the (x,y) plane will not deviate much from a circle, so that if we choose as the typical wire one whose length is (rr/2)R, where 2R is the diameter of the dish, then F = 1. Table I shows the angular acceleration of the mirror around the z axis which can be achieved in a typical case.
In the table, g and no are chosen to have values which characterize copper wires. The values assumed for the correction factors F1 and F2 are explained above. Mw is the moment of inertia of a typical cylindrical wire of length 1, diameter 2.5 ,um and density 8.9 g/cm3 (as for copper) which goes through the center of the dish. The torque around the z axis averaged over one oscillation of the electromagnetic radiation is (Ti), and the angular acceleration of the wire produced by that torque is X-The linear polarization is assumed to be along x; the wire makes an angle X with x.
ADJUSTING MIRROR ORIENTATION FROM THE GROUND
It is clear from both (6) and Table I that larger angular acceleration can be imparted to the mirror by radiation which is circularly polarized. Indeed (8)) as a function of the circular frequency w. The X specifies the orientation of longitudinal wires and g characterizes the electrical conductivity (see (4)).
Assuming that the frequency of the radiation is ' 1010 s -1, g = 3.1013 s -1 (see Table I ), and that the mirror is as shown in Fig. 1 , one has )~10'3 sin 2 X.
(9) We now demonstrate that it is possible to use a mirror of the type depicted in Fig. 1 to reflect radiation polarized linearly parallel to the bulk of the wires (XI = 0), and furthermore, that it is possible to control the orientation of the mirror from the ground. Assume at first that only linearly polarized radiation impinges on the mirror and that Xy=0, i.e., that the longitudinal wires are parallel to the polarization of the incident radiation, and the mirror is at rest. Then the mirror will have maximal reflexivity, and its weight (as well as the supporting radiation intensity) need be only half as much as it would have to be if Xy could not be controlled from the ground. Furthermore, (7b) shows that in this case (T4)=0, the mirror will be in equilibrium as far as rotations around its vertical axis of symmetry (the z axis) are concerned. However this equilibrium is unstable. If for some reason XI were to assume a value different from zero, a torque (7T) : 0 would tend to further increase IXLI. The increase would be exponential, with a typical time constant of minutes. Within a time interval of some minutes this torque would have to be counteracted in order to keep XL near zero. But this can easily be done by adding a small admixture of a circularly polarized component (of the correct polarity) to the radiation to be reflected from the mirror. The intensity of this component would have to be only ,B| times that of the linearly polarized component. According to (9), 131 p 10 3, and if the unwanted I|Xj is small, 1131 is even less.
In practice, even if the angular velocity of the mirror is zero (dXyldt = 0), one would probably not want to maintain the direction of linear polarization parallel to X, but vary it periodically, allowing it to sweep a range of angles 0 between +Ho and -00, where I001 « 1 and has some suitably chosen value. As a result, on the one hand, the reflexivity of the mirror will vary (as the distance between neighboring wires increases, the variation will approach cos2 0), but for sufficiently small 0 this variation is relatively small, so that only a small fractional increase in radiation intensity will be needed to compensate for it and keep the mirror at the desired altitude. On the other hand, the variation of reflexivity as a function of 0 can be observed on the ground as an increase of reflected radiation, peaking when 0 goes through zero. In this manner the orientation of the mirror can be monitored. Should any unwanted change in orientation occur, an appropriately small admixture of circularly polarized radiation can correct for it. If one wishes to change the angular velocity of the mirror, an admixture of circular polarization can be applied, and thereafter the direction of linear polarization will have to rotate with the new angular velocity to maintain synchronization between the two, apart from the sweeping of an angular range (00, -Ho) near the instantaneous orientation of the longitudinal wires to monitor their position. Again, should any undesirable change occur either in angular position or angular velocity, it can be corrected as described above. It can be shown in general (see the Appendix) that the mirror cannot be maintained in stable equilibrium while the bulk of its wires are oriented parallel to the polarization of impinging plane polarized radiation. Hence the need for the procedure just described.
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APPENDIX
The polar coordinates of a point P on the surface of the mirror are h (measured from the z axis) and 4 (measured from x). Assume that the value of the electric field at P is independent of i. The time-averaged torque around z exerted by an electric field polarized along x on a straight wire section is (T ), li-yi sin 2xi, where /I is the length of the section, Xi its orientation, and yi a proportionality constant which is independent of Xi When the mirror contains curved wires, we subdivide these into sections so short that each approximates a straight line with sufficient accuracy.
If the mirror is in stable equilibrium, the total torque acting on it is zero: (T) = E ljyi sin 2Xi + T ) = 0.
(Al)
Here (T2)o is the total torque exerted on the mirror around the z axis by the incoming circularly polarized radiation. An appropriate choice of (T.X( will insure the validity of (Al) for any Xi. If the mirror is in stable equilibrium, then also (d / dXi) (Tz) E 1i y, 2 cos2Xi < 0.
(A2)
For any wire segment parallel to x, one has cos 2Xi = 1. To insure (A2), one needs to compensate this with a wire segment whose 1i is at least as large, and which is oriented so that Tr/4 < Xi < 3rI/4.
